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Description 

FIELD OF THE INVENTION 

5 [0001] The present invention relates generally to a method for producing an ion beam having an Increased proportion 
of analyte ions compared to carrier gas ions. More specifically, the method has steps resulting in selectively neutralizing 
carrier gas ions. Yet more specifically, the method has the step of addition of a charge transfer gas to the carrier analyte 
combination that accepts charge from the carrier gas ions yet minimally accepts charge from the analyte thereby 
selectively neutralizing the carrier gas ions. 

10 

BACKGROUND OF THE INVENTION 

[0002] Many analytical or industrial processes require the generation of beams of ions of particular substances or 
analytes. For example, ion beams are used in ion guns, ion implanters, ion thrusters for attitude control of satellites, 

15 laser ablation plumes, and various mass spectrometers (MS), including linear quadrupole MS, ion trap quadrupole MS, 
ion cyclotron resonance MS, time of flight MS, and electric and/or magnetic sector MS. Several schemes are known 
in the art for generating such ion beams including electron impact, laser irradiation, ionspray, electrospray, thermospray, 
inductively coupled plasma sources, glow discharges and hollow cathode discharges. Typical arrangements combine 
the analyte with a carrier or support gas whereby the carrier gas is utilized to aid in transporting, ionizing, or both 

20 transporting and ionizing, the analyte. 

[0003] For example, in a typical arrangement an analyte is combined with the carrier gas in an electrical field, where- 
upon the analyte and the carrier gas are ionized in a strong electric or magnetic field and later used in an analytical or 
industrial process. In another typical arrangement, the carrier gas is first ionized in a strong electric or magnetic field 
whereupon the analyte is then introduced into the ionized carrier gas. Electric fields are generated by a variety of 

25 methods well known in the art including, but not limited to, capacitive and inductive coupling. 

[0004] In an inductive coupling arrangement, a radio frequency (RF) voltage is applied to a coil of a conducting 
material, typically brass. In the interior of the coil, one or more tubes supply a carrier gas, such as argon, and an analyte, 
which may be any substance. The analyte may be supplied in a variety of forms including but not limited to a gaseous 
form, as a liquid, as a droplet form as in an aerosol, or as a laser ablated aerosol. A large electrical field is generated 

30 within the coil. Within this field, any free electrons will initiate a chain reaction in the analyte and the carrier gas causing 
a loss of electrons and thus ionization of the carrier gas and the analyte. Several methods well known in the art, including 
but not limited to the introduction of a Tesia coil, the introduction of a graphite rod, or thermal emission of electrons, 
will provide free electrons causing initiation of a chain reaction. The result is a weakly ionized gas or plasma consisting 
of both free electrons and charged and uncharged species of the carrier gas and the analyte. The species of both the 

35 carrier gas and the analyte in the plasma may be in the form of particles, atoms or molecules, or a mixture of particles, 
atoms and molecules, depending on the particular species selected for use as the carrier gas and analyte. 
[0005] The carrier gas and the analyte may be combined by a wide variety of methods well known in the art. For 
example, as described above, the analyte and the carrier gas in an aerosol form are combined and are then directed 
to the interior of a coil in an inductively coupled plasma. Another typical arrangement employs a needle which receives 

40 a liquid sample of analyte from a source such as a liquid chromatograph. Surrounding the needle is a tube which 
supplies a carrier gas such as argon as a high velocity atomizing carrier gas. Both the needle and the tube empty into 
a chamber. Upon discharge from the needle, the anatyte liquid is evaporated and atomized in the argon carrier gas. 
Ions of both the evaporated liquid analyte and the argon carrier gas are produced by creating an electric field within 
the chamber The electric field may be produced by creating a voltage difference between the needle and the chamber 

45 A voltage difference may be created by applying a voltage to the needle and grounding the chamber 

[0006] The resultant plasma generated by any of the foregoing methods is typically directed towards either an ana- 
lytical apparatus ortowards a reaction zone wherein the carrier gas and analyte ions are analyzed or otherwise reacted 
or utilized in some fashion. The resultant plasma is typically directed by means of an electric or magnetic field, or by 
means of a pressure differential, or both. As the plasma is directed, the plasma is converted from a plasma to an ion 

50 beam. As used herein, the term "ion beam" refers to a stream consisting primarily of positively charged and neutral 
species. The bulk of the negatively charged species in the plasma are typically electrons, which are rapidly dispersed 
as the plasma is directed by either electric or magnetic fields or by a pressure differential. However, even after significant 
dispersal of the ion beam, the ion beam may not be completely void of negatively charged species. As the plasma 
progresses forward, the free electrons, due to their low mass relative to the positively charged ions, tend to disperse 

55 from the plasma, thus converting the plasma to an ion beam. Also, the ion beam itself will tend to disperse due to 
several effects. Most prominent among these effects is the repulsive forces of charged species within the ion beam. 
The beam is also dispersed through free jet expansion. The effect of dispersion of the constituent species in the ion 
beam is charge separation among those species and is well known in the art. The resultant ion beam is thus typically 
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characterized by high net positive charge density which is prinnarily attributable to the relatively high abundance of 
positively charged carrier gas ions. 

[0007] In nnany applications, the abundance of positively charged carrier gas ions and/or the resultant high charge 
density may be undesirable. For example, it is often desirable that the ion beam be focused through a small aperture, 

5 for example, if the analyte ions were to be analyzed in a mass spectrometer. In such an arrangement, where the ion 
beam is directed through an aperture, the high charge density will prescribe a space charge limit to the amount of the 
ion beam that may be passed through a given aperture. When the space charge limit is reached, the remainder of the 
beam is unable to pass through the aperture and is thus lost. In many applications, the portion of the beam which is 
lost includes analyte ions. Indeed, a loss of a portion of the beam may result in a disproportionate loss of some or all 

10 of the analyte ions because the analyte ions may not be evenly distributed throughout the ion bea m or may not respond 
to the various dispersing forces in the same manner as the carrier gas ions. 

[0008] Another example where the presence of carrier gas Ions is undesirable is in an ion trap mass spectrometer 
where the ion trap has a limited ion storage capacity. In an ion beam directed at an ion trap, the carrier gas ions compete 
with analyte ions forthe limited storage capacity of the ion trap. Thus, to the extent that carrier gas ions can be selectively 

15 eliminated from the ion beam, the storage capacity for analyte ions in the ion trap is thereby increased. 

[0009] A third example where the presence of carrier gas ions is undesirable is any application where the analyte 
ions are to be used in a process or reaction where the carrier gas ions might interfere with such process. By way of 
further example, in many integrated circuit and chip manufacturing processes, ion beams may be directed towards a 
targeted material such as a silicon wafer to impart electrical or physical properties to the material. The desired properties 

20 are typically highly dependent on the specific ions directed at such materials. Thus, carrier gas ions may cause unde- 
sirable effects in the targeted materials. 

[0010] Thus, in an ion beam having a carrier gas and an analyte, there exists a need for a method of selectively 
eliminating carrier gas Ions without eliminating or neutralizing the analyte ions. 

[001 1] US-A-5, 120,956 discloses an accelerator mass spectrometer in which a stripper within a high voltage terminal 
25 converts negative analyte ions into a positive charge state, and induces dissociation of all background molecules. 
[0012] US-A-5, 396,064 discloses a method and apparatus for isolating a single ion species of interest in a quadruple 
ion trap (QIT). 

[0013] US-A-4,948,962 discloses a plasma ion source mass spectrometer in which a gas additive is used to quench 
background ions or excited molecules, thereby to enhance the sensitivity of the spectrometer to analyte ions. 
30 [0014] US-A-5,049,739 discloses a plasma ion source mass spectrometer in which fast disturbing ions contained in 
the incident ion beam are transformed Into fast neutral atoms or molecules and slow the disturbing ions by a resonance 
charge exchange reaction. 

SUMMARY OF THE INVENTION 

35 

[0015] According to the present invention there are provided methods as set forth in any of the claims hereinafter 
The invention provides a method for producing an ion beam with increased proportion of analyte ions and a corre- 
sponding decreased number of carrier gas ions by neutralizing carrier gas ions while minimally removing or neutralizing 
the analyte ions. This is accomplished by providing the ion beam at a desired kinetic energy and directing the ion beam 

40 through a volume of a reagent gas comprising hydrogen thereby allowing the carrier gas to selectively transfer charge 
from carrier gas ions to hydrogen In the reagent gas, thereby rendering the hydrogen gas a charged species and the 
carrier gas a neutral species. As used herein, "selectively" means that the transfer of charge from the carrier gas ions 
to the hydrogen gas proceeds at a rate at least ten times, and preferably over one thousand times, the rate of the 
transfer of charge from the analyte gas ions to the hydrogen gas. After this charge transfer, the charged hydrogen in 

^ the reagent gas is then selectively dispersed, leaving an ion beam having a greater fraction of analyte ions to total 
Ions. As used herein, analyte Ions refers to any ions generated by any means including but not limited to thermal 
Ionization, ion beams, electron impact ionization, laser Irradiation, ionspray, electrospray, thermospray, inductively cou- 
pled plasmas, microwave plasmas, glow discharges, arc/spark discharges and hollow cathode discharges. As used 
herein, reagent gas refers to any gas comprising hydrogen suitable for accepting charge transfer to hydrogen by any 

50 means, including but not limited to commercially available substance provided In gaseous form and mixtures thereof 
and gases, generated by evaporation of condensed substances or laser ablation of condensed substances. Further, 
reagent gas as used herein may include neutral species of analyte ions generated by any of the foregoing methods. 
Also, as will be apparent to those skilled in the art, the method of the present invention Is not limited to systems 
containing a carrier gas per se. Typically, the two gas species are an analyte and a carrier gas. However, the method 

55 of the present invention will work equally well in any system having two or more ion species, even if none of the species 
were provided as a carrier gas. For example, In applications where daughter ions generated by the dissociation of any 
charged species are undesirable, suitable reagents may be selected to remove or neutralize those daughter Ions by 
charge transfer. Simllariy, a particular analyte may contain a substance of interest In mixture with a separate Interfering 
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substance. In addition to hydrogen, suitable reagents nnay be selected to rennove or neutralize the separate interfering 
substance by charge transfer 

[0016] In a preferred embodiment of the invention, the carrier gas selected is argon and the reagent gas selected is 
hydrogen. Accordingly, it is an object of the invention in one of its aspects to provide a method for selectively reducing 
the charge density of an ion beam by neutralizing the ions of an argon carrier gas, without eliminating or neutralizing 
the analyte ions. This is accomplished by directing the ion beam through a volume of hydrogen at kinetic energies 
wherein the argon ions selectively transfer charge to the hydrogen. In this manner, it is theorized that the bulk of the 
ion beam is selectively shifted from a mass to charge ratio (m/z) of 40 (Ar*-) to m/z 3 (H3+) and nn/z 2 (Hj"^). It is therefore 
a further object of the invention in one of its aspects to provide a method allowing the selective transfer of charge from 
Ar+ to Hj. Due to hydrogen's lower molecular weight, in many applications it is possible to rapidly and selectively eject 
H3+ and from an ion beam without ejecting analyte ions where it would have been difficult or impossible to selectively 
eject Ar^ ions from the ion beam without also ejecting or removing analyte ions. Thus, it is therefore a further object of 
the invention in one of its aspects to provide a method for rapidly ejecting Hs"^ and H2"*' from an ion beam, yet minimally 
reducing or ejecting analyte ions. 

[0017] Thus, It is a further object of the invention in one of its aspects to provide a method for providing a beam 
selectively depleted in Ar+, and therefore having a much lower total ion density, yet minimally reduced ion density of 
analyte. 

[0018] The subject matter of the present invention is particularly pointed out and distinctly claimed in the concluding 
portion of this specification. However, both the organization and method of operation, together with further advantages 
and objects thereof, may best be understood by reference to the following description taken in connection with acconn- 
panying drawings wherein like reference characters refer to like elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] 

FIG. 1 is a schematic drawing of the apparatus used in the first preferred embodiment of the present invention. 
FIG. 2 contains two mass spectra from experiments performed in the apparatus used in the first preferred embod- 
iment of the present invention. 

FIG. 3 is a schematic drawing of the apparatus used in the second preferred embodiment of the present invention. 
FIG. 4 Is a schematic drawing of the apparatus used in the third preferred embodiment of the present invention. 
FIG. 5 contains two mass spectra from experiments performed in the apparatus used in the third preferred enn- 
bodiment of the present invention. 

FIG. 6 contains two mass spectra from experiments performed in the apparatus used in the third preferre.d em- 
bodiment of the present invention. 

FIG. 7 is a schematic drawing of the apparatus used in the fourth preferred embodiment of the present invention. 
DESCRIPTION^OF THE PREFERRED EMBODIMENT(S) 

[0020] The method of transferring charge from selected ions in an ion beam having more than one species of ions 
to a hydrogen in a reagent gas comprising hydrogen and thereafter preferentially dispersing the charged hydrogen 
gas was demonstrated in inductively coupled plasma mass spectrometers (hereafter called ICP/MS). An ICP/MS is a 
device wherein a plasma consisting of a carrier gas (typically argon) and an analyte is generated in an inductively 
coupled plasma (ICP) and a mass spectrometer is employed to separate and distinguish constituent atoms and iso- 
topes. For both convenience of operation and to maintain a desirable temperature in the plasma, the ICP is typically 
operated at atmospheric pressure. In order to transfer ions from the plasma to a mass spectrometer, the plasma is 
directed through two apertures and then through a lens stack. The plasma is thereby converted into an ion beam 
containing analyte Ions and carrier gas ions. A lens stack typically consists of a series of metal pieces, typically plates 
and/or cylindrical tubes which have potentials applied to them and which have apertures through which the ion beam 
is directed. The ion beam is directed through these charged plates which focus the ion beam into a narrow strearri 
which is directed to a ion discriminating unit, typically a linear quadrupole. As used herein, ion discriminating unit refers 
to any apparatus which separates charged species according to their m/z and/or kinetic energy. Ion discriminating units 
Include but are not limited to a linear quadrupole, an ion trap, a time-of-flight tube, a magnetic sector, an electric sector, 
a combination of a magnetic sector and an electric sector, a lens stack, a DC voltage plate, an rf/dc multipole ion guide, 
and an rf multipole ion guide. Modified ICP/MS systems have been built which use a three dimensional RF quadrupole 
ion trap, either alone or in combination with a linear RF quadrupole as an ion discriminating unit. Upon exiting the lens 
stack, the ion beam is directed into the ion discriminating unit. Ions are selectively emitted from the ion discriminating 
unit according to their mass to charge ratio (m/z) and/or kinetic energy. These selectively emitted ions are then directed 
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to a charged particle detector In this manner, the ICP/MS is able to determine the presence of selected ions in an 
analyte according to their (m/z) and/or kinetic energy. It is critical to maintain the ion discriminating unit in a vacuum 
because collisions or reactions between the ions and any gases present in the ion discriminating -unit will tend to 
deflect ions away from the charged particle detector or neutralize the ions of analyte. It is critical to maintain the charged 

5 particle detector in a vacuum because the high potential across the detector will cause an electrical discharge in any 
gas present in sufficient pressure, typically above 13 milli pascals (1CH Torr). One or more pumps are thus typically 
utilized to evacuate a series of chambers in between the ICP and the charged particle detector. The chambers are 
separated by one or more apertures to achieve the transition from atmospheric pressure at the ICP to high vacuum at 
the charged particle detector (typically between 1.3 micro Pa and 13 milli Pa (about 10"^ and 10"^ torr)). To effect the 

10 large differential in pressure, ICP/MS systems typically employ apertures between approximately 0.5 mm to approxi- 
mately 2 mm. 

[0021] In operation, the reagent gas comprising hydrogen is introduced within an ion beam having a carrier gas and 
an analyte to allow the charge of the carrier gas ions to be transferred to hydrogen in the reagent gas, whereupon the 
now charged hydrogen gas may be selectively dispersed from the ion beam. The extent of reaction or completeness 

15 of this charge transfer will be driven by at least four factors. First, any two species selected will have an inherent rate 
of reaction which will affect the completeness of charge transfer over a given period of time, all other things held 
constant Second, lower velocities of the carrier gas ions will provide a longer residence time for carrier gas ions in the 
reaction zone and thereby provide a greater extent of reaction. Third, there is a velocity dependence for the reaction 
cross section which is in general different for any given reacting species so that for any given reaction the optimum 

20 velocity may be low or high. Thus, the completeness of charge transfer in a given time period is increased as the 
probability of a collision between carrier gas ions and reagent gas species is increased. Therefore, the completeness 
of charge transfer Is dependent upon the pressure of the reagent gas and the time that the two gases are in contact. 
If the reagent gas species is present at low concentration or pressure, the carrier gas ions must have sufficient oppor- 
tunities to come into contact with the reagent gas, i.e., a long residence time must be employed. 

25 [0022] As will be apparent to those skilled in the art, although the present invention has been described as employed 
in an ICP/MS, the method of the present invention may be advantageously applied in any system having a carrier gas 
and an analyte gas where it Is desired to remove or neutralize the earner gas ions. The ICP/MS system, as well as the 
instruments described in the preferred embodiments which follow, both practice and are demonstrative of the present 
invention because they contain detection methods to verify the selective neutralization or removal of carrier gas ions. 

30 

THE FIRST PREFERRED EMBODIMENT 

[0023] In a first preferred embodiment shown in FIG. 1 , a conventional ICP/MS manufactured by VG Elemental, now 
Fisons (WInsford, Cheshire, England; model PQ-I) was modified by replacing the linear quadrupole and its associated 

35 electronics (not shown) with an RF quadrupole ion trap 10 and its associated electronics (not shown). The ion trap 10 
was installed with the ion input and output ends reversed to maximize the ion transfer efficiency from the lens stack 
60 into the ion trap 10. The ion trap 10 used was removed from an ion trap mass spectrometer manufactured by 
Finnigan MAT (San Jose, California). The electron gun (not shown) and Injection gate electrode assembly (not shown) 
were removed to allow transfer of Ions from the lens stack 60 into the ion trap 10. The vacuum system was modified 

40 from a standard Fisons vacuum system and consisted of three vacuum regions separated by two apertures. These 
vacuum regions are evacuated by standard vacuum pumps (not shown). The first vacuum region 15 is contained in 
between a first aperture 20 and second aperture 30 and is typically operated at 13 Pa to 1.3 kPa (0.1 to 10 Torr). The 
second vacuum region 25 is contained between the second aperture 30 and a third aperture 40 and Is typically operated 
at 1.3 milli Pa to 0.13 Pa (10-^ to lO'^ Torr). The third aperture 40 is located within the lens stack 60 at substantially 

^ the same position as employed in the standard Fisons tCP.MS. The third vacuum region 35 Is separated from the 
second vacuum region 25 by the third aperture 40. The third vacuum region 35 contains a portion of the lens stack 60, 
the ion trap 10 and a charged particle detector 50. The third vacuum region 35 is typically operated 1.3 micro Pa to 
0.13 Pa (10-6 to 10-3 Torr). 

50 EXPERIMENT 1 

[0024] A series of experiments was performed utilizing the apparatus described in the first preferred embodiment. 
The configuration of the various components is shown in FIG. 1. The vacuum regions 15,25,35 were operated under 
conventional conditions as described above. The potentials applied to the lens stack 60 were within the ranges rec- 
55 ommended by the manufacturer of the ICP/MS (Fisons). The first and second apertures 20,30 were both grounded. 
The third aperture 40 was biased at a DC potential of about -1 20 V. The potentials on the lens stack plates 70,80 were 
optimized for maximum transfer efficiency of ions into the ion trap 10 and were different than the potentials used in 
conventional ICP/MS instruments. Ions are gated into the ion trap 10 by switching the potential on plate 80 in the lens 
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stack 60. The potentials on plate 80, described as lens elennent L3 by the manufacturer (Fisons), were switched between 
a negative value used to adnnit ions Into the ion trap 10, in the range between about -10 V to about - 500 V, preferably 
-35 V, and a positive value used to prevent ions from entering the ion trap 10, in the range between about +10 V to 
about +500 V, preferably above +10 V. or the kinetic energy of the ions. The electronic gating control (not shown) used 
5 for switching the voltage on plate 80 was provided by inverting the standard signal provided by the Finnigan MAT ITMS 
to gate electrons. This inversion was accomplished using an extra inverter (not shown) on the printed circuit board (not 
shown) that performs the gating. 

[0025] The ion trap 10 is manufactured with a port 90 typically used for introduction of a buffer gas such as helium. 
Reagent gases were introduced into the ion trap 10 by adding the reagent gases to the helium. Typical helium buffer 

10 gas pressures were in the range between about 1.3 milli Pa to 0.13 Pa (lO-s and 10-^ Torr). Reagent to buffer gas 
pressure ratios ranged between about 0.01% to 100%. Experiments were performed in this instrument wherein Ar, Hj, 
Xe, or Kr were introduced as reagent gases into the ion trap 10. various peaks, most notably, HjO-" at m/z 18 102, 
H3O+ at m/z 19 104, Ai^ at m/z 40 106, ArH"' at m/z 41 108. With the addition of as a reagent gas, Ar+, HjO'', ArH+, 
and H3O+ are dramatically reduced as indicated by the reduction of peak intensities at the appropriate m/z in the lower 

15 trace 110, indicating the near or total elimination of these charged species. 

[0026] In addition to the elimination of these charged species, one must also be concerned with the effect of any 
added reagent gases on the analyte ions. The following elements were tested as analyte ions for reaction with H2 in 
the apparatus of the first preferred embodiment as described above using argon as carrier gas: Mg, Al, K, Ca, Sc, Ti, 
V, Cr. Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Kr. Se, Rb, Sr, Ag, Cd, In, Xe, Cs, Ba, TI, Pb. Bi, and U. In al! of the experiments, 

20 the reduction in Ar*" intensity was at least 100,000 times greater than the reduction in any of the intensities of those 
analyte ions. 

THE SECOND PREFERRED EMBODIMENT 

25 [0027] in a second preferred embodiment as shown in FIG. 3, a conventional ICP/MS manufactured by VG Elemental, 
now Fisons (Winsford, Cheshire, England; model PQ-I) was modified by interposing an RF quadrupole ion trap 210 
between the linear quadrupole 200 and the charged particle detector 50. Although, the electrodes (not shown) used 
in the ion trap 210 were custom built to be scaled versions of the ITMS electrodes manufactured by Finnigan MAT 
(San Jose. California), standard ion trap electrodes would work equally well. The electrodes of the custom built ion 

30 trap 210 were 44% larger than the electrodes of the Finnigan MAT ITMS and were assembled in a pure quadrupole, 
or un-stretched geometry. The standard ITMS electronics package (not shown) manufactured by Finnigan MAT was 
used with the modifications as described in the first preferred embodiment using the voltages as described below 
[0028] The standard lens stack 240 is operated at potentials recommended by the manufacturer. In addition to the 
standard lens stack 240, a second lens stack 250 is Finnigan MAT ITMS and were assembled in a pure quadrupole, 

35 or un-stretched geometry. The standard ITMS electronics package (not shown) manufactured by Finnigan MAT was 
used with the modifications as described in the first preferred embodiment using the voltages as described below. 
[0029] The standard lens stack 240 is operated at potentials recommended by the manufacturer. In addition to the 
standard lens stack 240, a second lens stack 250 is interposed between the third aperture 220 and the ion trap 210 in 
the fourth vacuum region 230. The second lens stack 250 consisted of three plates 252,254,256 taken from standard 

40 Fisons lens stacks, specifically two L3 plates and an L4 plate. The second lens stack 250 was fabricated to provide 
high ion transport efficiency between the linear quadrupole 200 and the ion trap 210. A potential of between about -1 0 
V and about -300 V. preferrably about -30 V were applied to plates 252,256 at each end of the second lens stack 250. 
The center plate 254 was used to gate ions into the ion trap 210 and the potential applied was varied between about 
-180 V for the open potential and about +180 volts for the closed potential. The electronic gating control (not shown) 

45 used for the center plate 254 of the second lens stack 250 was provided by inverting the standard signal provided by 
the Finnigan MAT ITMS to gate electrons. This inversion was accomplished using an extra inverter (not shown) on the 
printed circuit board (not shown) that performs the gating. 

[0030] The vacuum system was the standard Fisons system consisting of four vacuum regions separated by three 
apertures with an additional pump on the fourth vacuum region 230. These vacuum regions are evacuated by standard 

50 vacuum pumps (not shown). The first vacuum region 15 is contained in between a first aperture 20 and second aperture 
30 and is typically operated at 13 Pa to 1.3 kPa (0.1 to 10 Torr). The second vacuum region 25 is contained between 
the second aperture 30 and a third aperture 40 and is typically operated at 1.3 milli Pa to 0.13 Pa (10-^ to lO-^ Torr). 
The third aperture 40 is located within the lens stack 240. The third vacuum region 215 is contained between the third 
aperture 40 and the fourth aperture 220 and is typically operated at 1.3 micro Pa to 13 milli Pa (10"^ to lO-^ Torr). The 

55 third vacuum region 215 contains the linear quadruple 200. The fourth vacuum region 230 is separated from the third 
vacuum region 215 by the fourth aperture 220. The fourth vacuum region 230 contains the ion trap 210 and a charged 
particle detector 50. The fourth vacuum region 230 is typically operated at 1.3 m Pa to 0.13 Pa (lO-^ to 10-3 jorr). 
[0031] As illustrated in FIG. 3, a 1.6 mm (1/16") diameter metal tube 260 was provided to allow the introduction of 
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reagent gases into the second vacuum region 25 through two ports 280 provided in the housing 270 surrounding the 
first vacuum region 15. The tube 260 was fashioned into a shape so as to avoid electrical contact with the lens stack 
240 and to position the end of the tube 260 approximately 1 cm behind the base of the second aperture 30 and ap- 
proximately 1 cm from the central axis defined by the four apertures 20,30,40,220, In this way, reagent gases are 
5 introduced into the second vacuum region 25 as close to the second aperture 30 as possible without interfering with 
the gas dynamics of the sampled plasma and with minimal distortion of the electric field generated by the lens stack 240. 

EXPERIMENT 2 

10 [0032] A series of experiments was performed utilizing various reagent gases and an argon carrier gas in the above 
described apparatus shown in FIG. 3. Reagent gases, Hj, Ar, Xe, Kr and an Ar/Xe/Kr mixture, were introduced via 
tube 260 into the second vacuum region 25. Mass spectra were obtained for reagent gas partial pressures in vacuum 
region 25 between zero and 0.13 Pa to 1.3 Pa (about I mTorrto about 10 mTorr). Table I lists relative rates of reaction 
for the carrier gas and analyte ions shown in the first column with increasing pressure of the reagent gases listed at 

^5 the top of the remaining columns. Thus, by way of example, the values in the second column under the heading "H2" 
show that as the H2 pressure is increased, the Ar+ ion intensity falls about 10 times faster than the ln+ ion intensity, 
confirming the selective removal of carrier gas ions. 



Table I. 



Relative Reaction Rates of Carrier Gas Ions and Analyte Ions with Reagent Gases (Ar and Ar/Xe/Kr are comparative 
examples). 


Ions 


H2 


Ar 


Ar/Xe/Kr 


Ar 


0.1 


0.6 




ArH+ 


non-linear 


0.35 


0.25 


Sc+ 


0.017 


0.23 


0.18 


84Kr+ 


0.06 




0.26 


ii5|n+ 


0.01 


0.24 


0.14 


i29Xe^ 


0.01 




0.15 



THE THIRD PREFERRED EMBODIMENT 



[0033] In a third preferred embodiment shown in FIG. 4, a conventional ICP/MS manufactured by VG Elemental, 
now Fisons (Winsford, Cheshire, England; model PQ-1I+) was modified by providing 1 .6 mm (1/6") diameter metal tube 
260 to allow the introduction of reagents into the second vacuum region 25 in a manner identical to the second preferred 
embodiment. As shown in Fig. 4, the remainder of the ICP/MS was not modified from that provided by the manufacturer. 
A series of experiments was performed utilizing an argon carrier gas and Hj as a reagent gas introduced via tube 260 
into the second vacuum region 25. Mass spectra were obtained for H2 pressure in the second vacuum region 25 
between zero and 0.26 Pa (about 2 mTorr) and are summarized below. 

EXPERIMENT 3 

[0034] The effect of H2 pressure on the analyte and ion signals were observed by recording the mass spectrum in 
both the analog and pulse counting modes of operation of the ICP/MS as provided by the manufacturer. Two mass 
spectra recorded without addition of H2 into the second vacuum region 25 are shown in FIG. 5. The upper trace 500 
in FIG. 5 was obtained using the analog mode of operation. The lower trace 510 in FIG. 5 was obtained using the pulse 
counting mode of operation. The uppertrace 500 shows the intensity of various peaks, most notably, at m/z 14 502, 
0+ at m/z 16 504, OH+ at m/z 17 506, HsQ-^ at m/z 18 508, Ar+ at m/z 40 512, ArH+ at m/z 41 514,H2'' at m/z 2 516, 
and H3+ at m/z 3 518. Two mass spectra recorded with addition of a pressure of 0.26 Pa (about 2 mTorr) H2 into the 
second vacuum region 25 are shown in FIG, 6. The uppertrace 600 in FIG. 6 was obtained using the analog mode of 
operation. The lower trace 610 in FIG. 6 was obtained using the pulse counting mode of operation. The vertical and 
horizontal scales of FIG. 5 and FIG. 6 are the same. The same ion peaks are labeled in FIG. 6 as in FIG. 5, namely, 
N-^ at m/z 14 602, O"^ at m/z 16 604, OH+ at m/z 17 606, HjO^ at nn/z 18 608., Ar^ at m/z 40 612, ArH"^ at m/z 41 614. 

at m/z 2 616, and H3+ at m/z 3 618. 
[0035] As the mass spectra in FIG. 5 and FIG. 6 show, this method of implementation allows the direct detection of 



EP 0 871 977 B1 



H3"*" produced in the reaction of Ai^ with H2. The formation of this ion is strongly inferred from the experiments performed 
in the apparatuses of the first two embodiments, but Hg"^ could not be detected using the Finnigan MAT ion trap mass 
spectrometers. Inasmuch as this method produces a mass spectrum in the same way as a conventional ICP/MS in- 
strument, polyatomic ions which are commonly observed in conventional ICP/MS, but not by using the methods of the 

5 first and second preferred embodiments, may also be observed here. Thus, for example, the effect of elevated 
pressures in vacuum region 25 on Ar^ may be observed along with the effects on ArO+ and Arj"^. 
[0036] The most dramatic effect of added is an approximately 200-fold increase in the Intensity of the H3+ peak 
618. Addition of also causes an approximately 10-fold decrease in the intensity of the Ar+ peak 612 and an approx- 
imately 2-fold increase in the intensity of the ArH+ peak 614. These mass spectra show minimal reduction (less than 

10 10%) in the intensity of the peaks for other analytes (not shown). These mass spectra thus show a selective removal 
of Ar+ and an increase in H3"*" thereby confirming the mechanism of charge transfer in the reaction of with Ar^. 

EXPERIMENT 4 

15 [0037] A series of experiments was also performed utilizing the ICP/MS with no modifications other than adjusting 
the potentials in the lens stack 240 to reduce the kinetic energy of the ions from typical values under normal operating 
conditions. H2 was introduced as a reagent gas into the second vacuum region 25 via the vacuum port 400 provided 
by the manufacturer for pressure measurements. pressures ranged from about 13 milli Pa to 0.13 Pa (about 0.1 
mTorr to about 1 mTorr). The measured Ar+ intensity was reduced by a factor of two with the introduction of the H2 ' 

20 reagent gas, demonstrating that introduction of H2 into the second vacuum region 25 of an unmodified ICP/MS can be 
used to reduce the Ar^ ion intensity. We further observed an increase of about a factor of 10 in signal at m/z 41, 
indicating formation of ArH+ consistent with the experimental observations from the apparatus of the first embodiment. 
[0038] Table II contains selected data from the experiments performed using the apparatus of the first, second, and 
third preferred embodiments described herein. Each row of the table gives reduction factors for Ar^ and an analyte ion 

25 as well as the ratio of these reduction factors. The ratio is the selectivity with which the Ar*" intensity in the mass 
spectrum is reduced relative to the Intensity of the analyte ion. The entries in the first column in Table 1 1 lists the preferred 
embodiment used to obtain the data given in each row. The second column in Table II lists the reagent gas used. The 
reagent gas was introduced into the ion trap 20 for the results shown in Table II for the first preferred embodiment 
above. The reagent gas was introduced in vacuum region 25 for the results shown in Table II for the second and third 

30 embodiments. Thus, by way of example, the third row in Table II shows that the reaction of the carrier gas ion (Ar+) 
leads to a 30-fold reduction in Ar*" intensity under conditions that reduce the intensity of Sc"^ by a factor of two. 



Table II. 



Selectivity of Ar^ Removal 


Embodiment 


Reagent 


Reduction Factors 


Ar+ Reduction 


Analyte Ion Reduction 


Ratio 


First 


H2 


100,000 


(ln+)<5% 


1.000,000 


Second(comparative) 


Ar 


300 


(Sc-) 7 


45 


Second 


H2 


30 


(Sc+) 2 


15 


Third 


H2 


10 


(ln+)<10% 


100 



45 THE FOURTH PREFERRED EMBODIMENT 

[0039] In a fourth preferred embodiment as shown in FIG. 7, carrier gas ions and analyte ions generated from an 
ion source 700 are directed through a first aperture 710 to a cell 720 where the ions are allowed to react with a reagent 
gas. Suitable ion sources include, but are not limited to thermal Ionization sources, electron impact, laser irradiation, 

50 ion spray, electrospray, thermospray, inductively coupled plasma sources; arc/spark discharges, glow discharges, hol- 
low cathode discharges and microwave plasma sources. White the fourth preferred embodiment as described herein 
is limited to what are considered its essential components, it will be apparent to these skilled in the art that the fourth 
preferred embodiment could readily be constructed using conventional ICP/MS components as described in prior pre- 
ferred embodiments. The cell is contained within a first vacuum region 730. The cell 720 confines ions in a region close 

55 to the aperture 710 through which the ions are introduced into the first vacuum region 730. In this manner, Ions are 
directed from the ion source 700 to the cell 720 with minimum opportunity for ion dispersion. The first vacuum region 
730 is made to contain the optimal pressure of reagent gas which allows both ion transport through the cell 720 and 
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sufficient charge transfer between the carrier gas ions and the reagent gas, 

[0040] The cell 720 also can be made to control the kinetic energy of the ions. Thus, the cell 720 can be used to 
increase the residence time the carrier gas ions are in contact with the reagent gas and thus to increase the extent of 
charge transfer Also, the cell 720 can be made to discriminate against, i.e., not transmit, slow ions by application of 
velocity or kinetic energy discriminating methods, such as the application of suitable DC electric fields. In this manner, 
charge exchange between fast carrier gas ions and slow reagent gas neutrals can be used to remove selected carrier 
gas ions from the ion beam. The kinetic energy of the ions in the cell 720 is maintained as high as possible so as to 
minimize space charge expansion of the ions, but low enough for a given pressure of reagent gas to allow sufficient 
charge transfer The optimal pressure of the reagent gas will be limited by acceptable analyte ion scattering losses in 
the cell and practical considerations such as pumping requirements. 

[0041] As an example, the fourth preferred embodiment may be operated using argon as the carrier gas. The cell 
720 may be provided as any apparatus suitable for confining the ions in the first vacuum region 730, including but not 
limited to, an ion trap, a long flight tube, a lens stack or an RF multipole ton guide. For example, by selecting the cell 
720 as an RF multipole ion guide, the cell 720 may be operated to selectively disperse reagent gas ions from the ion 
beam. By selecting a reagent gas having a low mass, i.e. H2, the RF multipole ion guide may be operated with a low 
mass cut-off greater than m/z 3. In this manner, Hj"^ and Hj"*", which are formed as charge transfer products, are 
selectively dispersed from the ion beam by virtue of their low nn/z. 

[0042] The resultant ion beam may then be utilized as one of any number of end uses including but not limited to an 
ion gun or an Ion implanter Further, the resultant beam may be analyzed in various apparatus Including but not limited 
to an optical spectrometer, mass spectrometers (MS), including linear quadrupole MS, ion trap quadrupole MS, ion 
cyclotron resonance MS, time of flight MS, and magnetic and/or electric sector MS. Finally, the resultant ion beam may 
be directed through any electrical or magnetic Ion focusing or ion directing apparatus, including but not limited to, a 
lens stack, an RF multipole ion guide, an electrostatic sector, or a magnetic sector 

[0043] The resultant ion beam thus has an increased proportion of analyte ions compared to carrier gas ions. Thus, 
in any of the suggested uses wherein the resultant ion beam is directed through an aperture at the space charge current 
limit, the increased proportion of analyte ions compared to carrier gas ions directed into the aperture will create an 
increase in the rate at which the analyte ions pass through the aperture. 

[0044] While a preferred embodiment of the present invention has been shown and described, it will be apparent to 
those skilled in the art that changes and modifications may be made without departing from the invention as defined 
in the claims hereinafter 



Claims 

1 . An improved method of providing an ion beam in a system where a mixture of carrier gas ions and analyte ions is 
provided, wherein the improvement comprises: 

a) exposing said mixture to a reagent gas comprising hydrogen, and 

b) selectively transferring charge from carrier gas ions to hydrogen, thereby neutralizing carrier gas ions and 
forming charged hydrogen. 

2. The method of Claim 1 further comprising the step of selectively removing the charged hydrogen fromthe ion beam. 

3. The method of Claim 2 further comprising the step of providing an ion discriminating unit (10, 210, 240, 250, 720) 
for selectively removing the charged hydrogen from the ion beam. 

4. The method of Claim 3 wherein the ion discriminating unit provided is selected from the group comprising a linear 
quadruple, an ion trap (10), a time-of-flight tube, a magnetic sector, an electric sector, a combination of a magnetic 
sector and an electric sector, a lens stack (240, 250), a DC voltage plate, a rf multipole ion guide (720), and a rf/ 
dc multipole ion guide. 

5. The method of Claim 1 wherein the carrier gas ions are derived from the group of carrier gasses consisting of He, 
Ne, Ar, Kr, Xe and combinations thereof. 

6. The method of Claim 1 wherein the hydrogen is in a form selected from the group consisting of H2, D2, HD and 
combinations thereof. 

7. The method of Claim 1 wherein the analyte ions are provided by a method selected from the group consisting of 
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thermal ionization, ton beams, electron impact ionization, laser irradiation, ionspray, electrospray, thermospray, 
inductively coupled plasmas, microwave plasmas, glow discharges, arc/spark discharges, hollow cathode dis- 
charges, gases generated by evaporation of condensed substances, laser ablation of condensed substances and 
mixtures thereof. 

5 

8. The method of Claim 1 wherein the mixture of analyte gas ions and carrier gas ions is provided in an inductively 
coupled plasma mass spectrometer 

9. The method of Claim 1 wherein the reagent gas further comprises a gas group consisting of N2, He, Ne, Ar, Kr, 
10 Xe and combinations thereof. 



PatentansprUche 

15 1. Verbessertes Verfahren zur Bereitstellung eines lonenstrahls in einem System, wobei eine Mischung aus TrSger- 
gasionen und Analytionen bereitgestellt wird und die Verbesserung Folgendes umfasst: 

a) Einwirken eines Reagenzgases auf die Mischung, wobei das Reagenzgas \A/asserstoff umfasst und 

20 b) selekttves Obertragen von Ladung von den Tragergasionen auf den Wasserstoff, wodurch die Tragerga- 

sionen neutralisiert werden und geladener Wasserstoff gebildet wird. 

2. Verfahren nach Anspruch 1 , das des Weiteren den Schritt des selektiven Entfernens des geladenen Wasserstoffs 
aus dem lonenstrahl umfasst. 

25 

3. Verfahren nach Anspruch 2, das des Weiteren den Schritt des Bereitstellens einer lonenunterscheidungseinheit 
(10, 210, 240, 250, 720) zum selektiven Entfernen des geladenen V\fesserstoffs aus dem lonenstrahl umfasst. 

4. Verfahren nach Anspruch 3, wobei die bereitgestellte lonenunterscheidungseinheit aus der Gruppe ausgewahit 
30 wird, die Folgendes umfasst: einen linearen VIerpol, eine lonenfalle (10), eine Flugzeitrohre, einen magnetischen 

Sektor, einen elektrischen Sektor, eine Kombination aus einem magnetischen Sektor und einem elektrischen Sek- 
tor, eine Linsenanordnung (240, 250), eine Gleichspannungselektrode, einen HF-Mehrpol-lonenleiter (720) und 
einen HF/DC-Mehrpol-lonenleiter. 

35 5. Verfahren nach Anspruch 1, wobei die Tragergasionen von der Gruppe von Tragergasen abgeleitet werden, die 
aus He, Ne, Ar, Kr, Xe und Kombinationen daraus besteht. 

6. Verfahren nach Anspruch 1, wobei der Wasserstoff in einer Form vorliegt, die aus der Gruppe ausgewahit wird, 
die aus H2, D2, HD und Kombinationen daraus besteht. 

40 

7. Verfahren nach Anspruch 1 , wobei die Analytionen durch ein Verfahren bereitgestellt werden, das aus der Gruppe 
ausgewahit wird, die aus Warmeionisierung, lonenstrahlen, Elektronenaufprallionisierung, Laserbestrahlung, lo- 
nenzerstaubung, ElektrozerstSubung, Warmezerstaubung, induktiv gekoppelten Plasmen, Mikrowellenplasmen, 
Glimmentladungen, Lichtbogen/Funkenentladungen, Hohlkathodenentladungen, durch Verdampfen kondensier- 

45 ter Substanzen erzeugten Gasen, Laserablation kondensierter Substanzen und Mischungen daraus besteht. 

8. Verfahren nach Anspruch 1, wobei die Mischung aus Analytgasionen und Tragergasionen in einem induktiv ge- 
koppelten Plasmamassen-Spektrometer bereitgestellt wird. 

50 9. Verfahren nach Anspruch. 1, wobei das Reagenzgas des Weiteren eine Gasgruppe umfasst, die aus N2, He, Ne, 
Ar, Kr, Xe und Kombinationen daraus besteht. 



Revendications 

55 

1. M6thode am6lior6e pour fournir un faisceau d'ions dans un systdme ou un melange d'ions d'un gaz vecteur et 
d'ions de substance d analyser est fourni, dans laquelle I'am^lioration comprend : 
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a) I'exposition dudit melange d un gaz r§actif comprenant de I'hydrog^ne et 

b) le transfert selectif de la charge des ions du gaz vecteur d I'hydrog^ne, neutralisant ainsi les ions du gaz 
vecteur et fornnant de I'hydrog^ne charge. 

5 2. M6thode de la revendication 1 connprenant 6galement l'§tape de I'elinnination selective de Thydrog^ne charg6 du 
faisceau d'ions. 

3. Metliode de la revendication 2 comprenant §galement I'^tape de la provision d'une unit6 de discrimination d'ions 
(10, 210, 240, 250, 720) pour enlever selectivennent I'hydrog^ne charge du faisceau d'ions. 

10 

4. M6thode de la revendication 3 dans laquelle I'unite de discrimination d'ions prevue est selectionn6e parmi le groupe 
comprenant un quadrup6le lineaire, un pi§ge^ ions (10), un tube temps de vol, un secteur magnetique. un secteur 
6lectrique, une combinaison d'un secteur magnetique et d'un secteur 6lectrique, une pile de lentilles (240, 250), 
une plaque de tension c.c, un guide d'ions multipolaire rf (720) et un guide d'ions multipolaire rf/c.c. 

15 

5. M6thode de la revendication 1 dans laquelle les ions du gaz vecteur sont tir^s du groupe de gaz vecteurs conslstant 
en He, Ne, Ar, Kr, Xe et en des combinaisons de ceux-ci. 

6. Methode de la revendication 1 dans laquelle I'hydrog^ne est sous une forme s6lectionn6e parmi le groupe con- 
20 . sistant en H2, D2, HD et en des combinaisons de ceux-ci. 

7. Methode de la revendication 1 dans laquelle les ions de substance ^ analyser sont fournts par une m6thode 
selectionnee parmi le groupe consistant en I'ionisation thermique, les faisceaux d'ions, I'ionisation par impact 6lec- 
tronique, I'lrradiation par laser, la n^bulisation ionique, I'electronebulisation, la thermon^bulisatton, les plasmas 

25 inductifs, les plasmas produits par micro-ondes, les d^charges luminescentes, les decharges d'arcs/d'6tincelles, 

les decharges ^ cathode creuse, les gaz produits par Evaporation de substances condens6es, I'ablation par laser 
des substances condens6es et en des melanges de ces methodes. 

8. Methode de la revendication 1 dans laquelle le melange des ions du gaz a analyser et des ions du gaz vecteur 
30 est fourni par un spectrom^tre de masse a plasma inductif. 

9. Methode de la revendication 1 dans laquelle le gaz r^actif comprend 6galement un groupe de gaz consistant en 
N2, He, Ne, Ar, Kr, Xe et en des combinaisons de ceux-ci. 



55 
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FIG. 6 
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FIG. 7 



